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Development of high performance parasport prosthetic limbs: a proposed framework and 
case study 
 
Abstract 
Sport with a disability has progressed from undertaking physical activity for recreation to one of 
a high performance environment at competitions such as the Paralympic Games. There is 
currently limited information and guidance to help inform stakeholders as to how to develop the 
high performance technology of elite athletes who possess limb absence. In this manuscript, a 
conceptual framework for high performance prosthetic limb creation is presented. This utilises a 
synthesis between contemporary product design theory and a review of existing case studies. 
This proposed framework is then applied to a case study. Ultimately, the framework provides an 
indicative guide to the creation of prosthetic limbs that emphasise technological performance 
enhancement over that of mere sporting participation. 
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Background 
Participating in sport with a disability often requires the use of equipment to either facilitate it or 
to provide some margin of contribution to an athlete’s performance (Bragaru et al. 2012). 
Evidence of those wishing to perform sport with a physical disability has been apparent since the 
19th century (Gold and Gold, 2007). A recent review of the literature has revealed that published 
research and clinical experience with regards to the creation of sports-specific prostheses is 
extremely limited (Dyer, 2015a; Santana et al. 2016). Modern sport with a disability is a highly 
competitive environment (Gold and Gold, 2007) so whereas the motivations to participate in this 
have evolved, so too should the performance of assistive technology needed to support it. 
However, in the case studies identified in systematic reviews (Dyer, 2015b; Santana et al. 2016); 
very few have focused on the needs of elite-level participants. As a result, many stakeholders 
may not typically possess the specific needs and experience that competitive assistive technology 
design may require. This would mean that athletes who wished to undertake sporting endeavours 
would not be supported as well as they could be and the lack of published attention to this end 
could act as a barrier to those who might otherwise be interested in such pursuits. 
Case studies of sports prostheses design suffer from a paucity of attention in this area 
(Deans et al. 2012) and particularly in Paralympic Games disciplines including cycling (Dyer, 
2015b). Instead, most discussion has typically focused on those with limb absence wishing to 
undertake recreational exercise rather than competition (Couture et al. 2010). A participation-
focused approach to prosthetic limb creation has been evident in running (Nolan, 2008) or other 
sports such as golf, fishing, baseball, cycling (Bragaru et al. 2012) skiing McQuarrie et al. 2015), 
triathlon (Gailey & Harsch, 2009) and snowboarding (Minnoye & Plettenburg, 2010). Likewise 
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some attention has been paid to the elite athlete physiology (Mujika et al. 2015) but this study 
did not have the scope to consider the technology specifically used to support the athlete. This 
aside, three studies have considered the needs of technology used by elite participants. These 
have included a case study by Riel et al. (2009) which required the creation of a prosthetic arm 
used by a racing cyclist for the Paralympic Games in 2008. This development considered the 
needs of multiple sporting disciplines the athlete was due to compete in and had a heavy 
emphasis on the modularity to switch between these events. Likewise, a new socket design was 
created for a multi-sport track and field athlete for the 2000 Paralympic Games (Tingleff & 
Jensen, 2002). Its emphasis was on versatility and competence of its use but not that of a device 
exclusively seeking to maximise its performance. As a result, this design would likely have been 
compromised by the need for its sporting event versatility. Finally, a lower-limb prosthesis was 
developed for an elite paracyclist (Dyer & Woolley, 2017). In this case, whilst its high 
performance intent was clear, the solution lacked some of the validity needed to justify its design 
based on its conceded short development timescale. In all three cases, the design process was not 
clearly described, defined or structured beyond that of identifying the needs and then presenting 
a final solution. This would make it harder for both practitioners, designers and the athletes 
themselves to know how to replicate these successes, be aware of the process that they could 
follow or to identify key factors to increase prostheses performance. However, it has been shown 
that consideration of a prosthetic limbs design, when optimised, could be a legal form of 
performance enhancement (Nolan, 2008; Dyer, 2015a). The use and proposal of a model to 
address these concerns could provide positive guidance to practitioners and directly address the 
ambiguity and reproducibility issues of previous sports prostheses design projects. 
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 There are several models and frameworks which relate to the development of assistive 
technology but these are few in number and lack specificity. Some examples of these include the 
VDI 2242 model which considers the engineering design of products in accordance with their 
ergonomic needs and then the identification of both its input and output factors when using it 
(Moritz & Haake, 2006 p18). The input factors are the exercise, movement or activity of the 
chosen sport or form of recreation. The resulting output factors  are made up of the intended 
effects, the side effects, the feedback effects and the subjective effects. The intended effects 
would be the desired effects of the equipment’s use. However, the side effects may be either 
positive or negative impacts of the equipment’s use and is similar to the Tenner ‘revenge effect’ 
(Swierstra & Waelbers, 2012). The feedback effects are the dynamic relationship for an athlete to 
modify the use of the equipment based upon their sensory response of using it. Finally, the 
subjective effects are those not grounded in either fact or science but are the athletes emotional 
response to the equipment’s use. These could include the equipment’s impact of status, fashion 
and external perception. There are no accounts of the application of this model when applied to 
sports assistive technology to date so it is not known whether the models lack of detail would 
prove problematic. 
A similar approach to the VDI model is adopted in a modified ‘Classification of 
Functioning, Disability and Health’ framework by Cowan et al. (2012) for the World Health 
Organisation International. The value of the VDI 2242 model is that it takes a problem-centred 
approach rather than a solution-driven approach. Likewise, the EMFASIS framework proposed 
by Plos et al. (2012), suggest that specialized equipment developed for the disabled can still have 
value universally by utilising a ‘top down’ approach which can then see its results or value be 
applied to a broader user market. However, as per the VDI 2242 model, the Plos et al. approach 
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provides a robust underpinning philosophy for the development for such technology but lacks the 
detail and reproducibility to be useful to health practitioners and engineers when developing 
performance-centred prostheses equipment. In addition, it could be argued that the Plos et al. is 
not relevant as it fundamentally adopts a universalist approach. A universalist approach suggests 
that the design of products should be able to be utilised and accommodated by the largest array 
of end users or consumers with minimal adaptation. However, it is likely that since an elite 
athlete is only concerned with their own performance (and not their competition) coupled with 
the unique nature of a person’s disability means that this principle isn’t relevant. As per the VDI 
model, there have been no actual applications of this approach when applied to sports assistive 
technology to date. As a result, all current models intended for the design of sports technology or 
the creation of assistive technology lack the detail and application to the design of prosthetic 
limbs required for competitive sport. This paper will evaluate the current practise surrounding 
the design of prosthetic limbs, propose a conceptual model that is tailored to this end and then 
apply it to a relevant case-study. The results of this study will then act as a means of further 
practical guidance to practitioners (such as prosthetists and biomedical engineers) when creating 
prosthetics limbs used for sport and recreation.   
  
Proposal of a Hanging Diamond model 
The process of engineering design has been summarised and while many of the published models 
may differ semantically, the basic philosophy behind them is consistent (Howard et al. 2008). 
The Howard et al. analysis of 23 different design process models revealed that they all typically 
utilise a six step process from establishing a product need through to its delivery. Therefore, their 
similarity can provide some margin of confidence in the design of a new model tailored to 
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athletes with limb absence. To address the needs of elite athletes who possess limb absence, a 
proposed model to assist in the development of assistive technology is proposed in figure 1. 
 
[insert figure 1] 
 
The proposed ‘Hanging Diamond’  model (HDM) in figure 1 utilises a 3 phase process and is a 
modification of the ‘double diamond’ design process (Design Council, 2006) and the need to 
combine the separate entities of form, function and underlying context to generate a performance 
orientated solution (Kalay, 1999). The model itself has also been evaluated within peer-reviewed 
research and applied to the health and wellbeing aspects of environmental impacts when 
undertaking a case study approach (Clune & Lockrey, 2014). The double diamond model was 
developed by analysing how professional designers perform the design process within an 
industrial setting. The double diamond shape itself is used to illustrate a natural expansion and 
convergence of the creative process in two separate stages. The first diamond focuses on the 
project and its underlying research by expanding through discovery and then converging by 
defining the project itself. The second diamond expands through a process of development as 
design concepts are created and then converges as the chosen concept is nominated, refined and 
then delivered, evaluated or produced. However, this model’s intent is philosophical in nature 
and is not prescriptive in its required tasks. The double diamond also supports that the designing 
activity is not a linear process and any of its stages can by cyclic in nature but does not illustrate 
this as explicitly as some methodologies (Howard et al. 2008). It is inferred that the diamond 
shape allows for a cyclic action within its borders. This does make the model adaptable for use as 
a means of general problem solving (Clune & Lockrey, 2014) and not just as a means of 
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generating new product designs. As a result, it can easily be modified to suit specific needs but 
would require further definition and clarification to be useable by practitioners from outside the 
elite sport environment. The proposed model in this study aims to support this view. In figure 1, 
the double diamond model is modified by rotating it and that the second diamond is then 
splintered into two so that the functional aspects of a prostheses design are separated and 
prioritised from those of the forms design. This utilises a ‘form follows function’ design 
philosophy. This philosophy was coined by architect Louis Sullivan (Russell et al. 2000) and 
proposed that in the functional design of skyscrapers, that the functional constraints and needs of 
a building should take priority over its aesthetic needs. This mantra is not universally applied but 
has been absorbed into conventional design practise discourse (Kalay, 1999). In the case of a 
prosthetic limb, the fit and functionality are of paramount importance (Legro et al. 1999). 
However, whilst the form can influence the perception and desirability of a product (Bloch, 
1995), these are proposed to be of secondary considerations to the prostheses physical 
connection to the human body. 
Finally, the proposed model then includes indicative activity considerations that are 
considered worthwhile for prosthetic limb development when in an elite sport context.  
 
Specification phase 
The first phase of the proposed framework focuses on establishing the need, opportunity and the 
context of a product development before any design takes place (Hollins & Pugh, 1990). The 
Hollins and Pugh approach is incorporated into the model and lays the foundation for product 
development by primarily performing product definition, competition analysis and ascertaining 
product status tasks. For example, the demands of cycling can vary based on the events length, 
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topography or the skills required to perform it (Jeukendrup et al. 2000) and  these would lead to 
design solutions that would weight or highlight some prosthetic design needs over others. This 
would also apply other constraints such as cost, material choice and lifespan. In figure 1, the 
orientation of the proposed tasks have been rotated vertically along the full length of the 
diamond to suggest that these straddle the expansion and convergence of this process as the 
information for each task is sourced and then refined – ultimately leading to its specification. 
This diamond comprises three indicative activities prior to the products specification and these 
could be performed in parallel or in any order. 
 
Identification of sports events assistive/resistive factors 
The first indicative task identifies the intended sporting events assistive or resistive factors that 
the athlete is subjected to. These factors could typically be identified by applying a systematic 
model such as the Hay & Reid Performance Outcome Model (Lees, 2002).  The identification of 
such factors will influence the design and may identify key input that is required from 
practitioners outside of the typical healthcare sphere. This could lead to design solutions not 
constrained by tradition or historical preconceptions. Many of the factors that are identified in 
this phase may well be generic to the sport and particularly to the event itself. For example, a 
sport such as kayaking would have the assistive factors of paddling forces provided by the 
kayaker driving them forward yet resistive factors such as the hydrodynamic drag of the kayak 
shell and the aerodynamic drag of the paddler slowing them down (Michael et al. 2009). 
Likewise, whilst an athlete with a disability will know which event they wish to perform in, they 
may not know the nuances or needs that the different lengths or types of that discipline may 
require. For example, an amputee choosing to run in the 100m sprint runs in a straight line. 
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However a runner in the 200m is still considered a sprint event (and often sees the same 
competitors as the 100m event), yet requires the negotiation of a large bend in the track. As a 
result, both races may require differences in their limb to limb prostheses design based on the 
reported difficulties of running round the curve of an athletics track (Knight, 2016). In some 
cases, it is not inconceivable for a resistive factor to contradict an assistive one. In such cases, 
both views should be taken on balance with the most advantageous effects adopted. As a result, 
the assistive/resistive factors are indicative in nature and should all be identified but would be 
accounted for in the product solution at the prosthetic designer’s discretion. 
 
Historical performance of analysis of event 
The second activity that takes place within the first diamond is the identification of the sports 
historical performance. This source of context is achieved through the use of statistically-based 
performance analysis methods. Performance analysis aims to advance our understanding of 
sports behaviour with a view to improving its future outcomes (McGarry, 2009). The typical 
scope of performance analysis can include: 
• Notational analysis – the objective recording of performance so that reliable and 
objective information can be reviewed (Hughes & Bartlett, 2002). This can involve the 
analysis of its movement, its technical and tactical evaluation and a statistical compilation 
of sport, games and competition (James, 2006). 
• Biomechanical analysis – this can be used within a sport to define the nature of their 
skills, to gain an understanding of the mechanical effectiveness of their execution and to 
identify the factors underlying their performance (Lees & Nolan, 1998). 
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• Time series and time motion analysis – the objective review of a sport or athletes 
performance over a given time period. For example, the evaluation of results records is a 
reliable means of assessing the capabilities of athletes (Lippi et al. 2008), predict future 
scope of performances (Dyer & Hassani, 2016) and in some cases can be used to infer 
and isolate technologically influenced changes in performance (Haake, 2009). 
 
Assess legislative rules and boundaries 
The final activity of the first diamond acknowledges the awareness of any constitutive rules that 
may limit the prostheses design or highlight a possible exploitation of their limitations. 
Competitive sports utilise a series a rules to ensure fairness or systematically restrict the possible 
actions of the players and prescribe the aims for the players’ actions (Lumer 1995). Taking 
cycling as an example, the governing body announced that it may well regulate prostheses design 
in the future (UCI, 2016). Knowing that it currently restricts the depth of aerodynamic frame and 
component cross sections to a ratio of 3:1 may well help limit innovations in that particular sport. 
Alternatively, by determining that no rules currently exist to constrain prostheses performance at 
all, provides the assurances to fully exploit any performance enhancement that exists. For 
example, the cycling riding positions used by Graeme Obree for his cycling hour record 
successes during the mid 1990’s were considered unconventional (Jeukendrup & Diemen, 1998) 
and worked to the absolute limits of the rules definitions. Obree had merely identified innovative 
ways to maximise his performance and whilst these were suggested as being undesirable, his 
records stood. Whilst the ‘spirit of the sport’ is used in some cases to rule on whether technology 
is acceptable (Savulescu et al. 2004), it has been conceded that this is an ideal (McNamee, 2012) 
so therefore relative in nature and limited in its practical application 
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Functionality phase 
The second hanging diamond denotes a functional design phase. This phase focuses on creating a 
prosthetic limb that can specifically satisfy the ergonomic and biomechanical needs of the athlete 
or end user. This process will start with the conceptualisation and a subsequent range of potential 
solutions (Howard et al. 2008). After this step has been completed, a smaller number of potential 
solutions are tested through prototyping or simulation in a sports-specific context. When taking a 
view of sports equipment development in general, it is proposed that the testing or development 
of any solutions should utilise the scale and magnitude of observed loads and frequencies 
(Dabnichki, 1998) and it is key that the design solution of assistive devices for athletic activity 
should depend on the sport itself. This would ensure that any findings are tailored as much as 
possible to the specific sporting endeavour the athlete intends to compete within. For example, in 
the case of swimming, the athlete would test a prosthesis prototype at the physiological intensity 
they would typically compete at, in a swimming pool and using the stroke they intend to use. 
These tests would then report the results – both quantitative and qualitative in nature.  After such 
trials and simulations, the best solution is selected and is then refined so that it can be 
manufactured. The final step is then to optimise this functionality. This is whereby the criteria 
and design objectives identified in the first phase (both the assistive and the resistive factors) are 
further optimised. For example, this could mean a further reduction in prosthetic mass to 
improve a power to weight ratio if cycling, further reductions in fluid hydrodynamic drag to 
increase the athlete’s velocity when swimming or greater increases in energy return to improve 
running performance. It is this optimisation phase that separates equipment designed purely to 
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facilitate an athlete’s participation within a sport to those who wish to maximise their 
performance within it. 
 
Form phase 
Once the functional design has been defined, the model then moves to its third and final diamond. 
This diamond considers the prosthesis form. The considerations and needs of a prostheses form 
can be broad in nature. For example, this could involve changing the physical form to increase 
aspects such as its aerodynamic performance (Dyer, 2014) or altering its form to manipulate its 
emotional response (Sansoni et al. 2016). In addition, attention to the form of a product has been 
indicated to affect the level of emotional attachment or significance to its end user (Mugge et al. 
2009). Superficially this could involve decorative-based changes or more substantive aesthetic 
changes due to the end users likes or dislikes. However, such needs would need to be balanced 
carefully against any penalties to actual physical performance. To date, the form considerations 
of sports prostheses design has only been noted informally (Dyer, 2013) and the specific 
emotional relationship of athletes to their technology has not yet been explored. As a result, this 
field within the prostheses design process requires further attention. 
Once the design has been conceptualised and applied to the functional design, context 
specific field trials are conducted again to evaluate the design(s). Finally a phase of optimisation 
of the physical form takes place if needed. As per the functional design phase, the process within 
this diamond may be cyclic and non-linear. 
 After the form phase has been concluded, the final design will be realised or alternatively, 
a series of design prototypes may then be evaluated against each other to select the best solution. 
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Application of the HDM: a case study 
The proposal of the HDM would is further evaluated through its application to a case study. This 
case study had been preceded by a similar project that took place four years prior that did not 
utilise a structured design model and was felt to lack reproducibility (Dyer, 2013).  
This case study was a male, elite- level cyclist who possessed a trauma-originated 
transtibial amputation. The participant was aged 33, had a height of 1.72m, a weight of 73kg and 
had personal best cycling performances including 21 minutes and 31 seconds for a 16.1km 
individual time trial and 3 minutes and 56 seconds for the 3km individual track pursuit. The 
intended use of the prosthesis was for road and track cycling events at the Paralympic and 
Invictus Games. The prostheses would be worn only when cycling and would be used when the 
athlete rode in an upright conventional riding position as well as when adopting an aerodynamic 
‘tuck’ position on their bicycle. Whilst it might seem appropriate to use a multi-purpose 
prosthetic design (so that they could move easily around when not cycling) this would likely not 
prioritise the key performance needs of competitive cycling. This project received institutional 
ethics committee approval. 
 
Specification phase 
This phase defined the need and specification of the scope of the prosthetic device. This need 
was established when the athlete had already approached their practitioner prior to its design. 
The uses of the device (such as the sports events) were outlined. The athlete required a 
prostheses to undertake outdoor road based time trials, road-based bunch racing and track racing. 
These sports disciplines formed the basis for the underlying research for the next phase initially 
via a literature review. 
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Identification of sports events assistive/resistive factors 
A review of the scientific literature and construction of a Hay & Reid Performance Outcome 
Model revealed that the two sports-specific key consistent design needs of cycling equipment 
were the reduction of its aerodynamic drag and any improvement of the power to weight ratio of 
the cyclist (Dyer and Woolley 2017). Aerodynamic drag of a cyclist can represent up to 96% of 
the riders applied power at their typical racing speeds (Dyer and Disley, 2017) whereas a 
reduction in mass would improve the riders acceleration from rest when starting or when 
choosing to accelerate. However, since the cyclist was also an amputee, it meant that the 
designers could optimise the form of the leg in ways that couldn’t obviously be achieved with a 
biological limb.  
 A desired improvement in the power to weight of the device was achieved by discussing 
the prostheses materials and construction methods and seeking weight savings where possible by 
minimising material where it was not required. Further details of the construction methods 
utilised for such applications have been defined before (Dyer and Woolley 2017). 
 
Historical performance of analysis of event 
The next phase was to investigate what scope for performance improvement existed within 
cycling. Firstly photographic and video evidence of the athletes’ typical competitors revealed 
that few of these were using an optimised or cycling-specific prosthetic limb design. Secondly, 
an analysis of the  results at the Paracycling Track World Championships from 2011-16 
demonstrated that uni-lateral below-knee amputees were typically grouped in the same 
classification as athletes who possessed other forms of disability. Further statistical analysis also 
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revealed that those requiring the use of prosthetics technology were not statistically significant to 
those without such devices. However, those utilising a prosthetic limb would typically achieve a 
superior finishing position to those who did not. This demonstrated to the athlete that by focusing 
on key cycling disciplines may provide better or alternative opportunities for perceived success. 
A fuller analysis of this investigation is covered in Dyer (2017). 
 
Assess legislative rules and boundaries 
This phase considered the existing rules and legislation of competitive cycling and to ascertain 
what might be needed to be taken into account when designing the limb itself. A search of the 
relevant literature revealed that no specific legislation applied to the prosthetic limbs design at all. 
However, it was noted that the world cycling governing body (the UCI) had determined that all 
prostheses used for para-cycling competition needed to be formally approved for use from 2014. 
Anecdotally, it was felt that the UCI was becoming concerned over the use of increasingly 
advanced prostheses designs. As a result, the design team agreed to consider the governing 
body’s general bicycle equipment rules that defined that the frame tubes would not exceed a 3:1 
width-to-depth ratio. This decision would mean that the prostheses would not appear visually 
‘out of step’ with the other equipment that they would typically use or be at risk of drawing 
unwanted scrutiny when in the competitive arena (whereby the athlete should likely be focused 
on their performance) (Dyer 2013). 
 
Functionality phase 
The starting point for the prosthesis functionality aspects was to determine its required length 
and geometry and this was achieved by getting the athlete to ride their own racing bicycle when 
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mounted on a stationary trainer. This allowed biomechanical changes to be made in a controlled 
environment but with the athlete using the specific equipment and riding position they intended 
to race with. This provided a level of specificity to any testing, assessment or analysis. Whilst 
their biological limb could normally act as a good form of comparison, their lack of an ankle on 
the amputated side meant a completely symmetrical pedalling action would not be achievable. 
Instead, an adjustable prosthesis was used and adjusted incrementally to obtain an overall 
geometry and fit that provided the greatest level of comfort to the athlete. During this, the athlete 
was asked to ride a series of timed intervals at intensities that were typical of their racing. The 
reason for this was that the level of limb to limb symmetry and the biomechanical behaviour of 
an athlete will vary based on their exercise intensity or effort. Once the most powerful and 
comfortable riding position was achieved, the adjustable prosthesis had its measurements 
recorded and these would form a firm specification of the prosthesis design that would then not 
be altered by the prostheses form phase. 
 
Form phase  
As noted earlier, aerodynamics was judged to be of prime importance in this prostheses design. 
As a result, as series of concept designs would be evaluated using a cost-effective validated 
method of aerodynamic field testing (Dyer and Disley, 2017). The design with the second lowest 
aerodynamic drag penalty was selected. The reason for this was the that the best solution utilised 
an aspect ratio far greater than 3:1, it was felt that this would be more sensitive to the 
socket/stump alignment than a slightly shallower design and may be perceived negatively by the 
governing body. Secondly it was felt that the second design aerodynamic drag penalty over the 
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best one was marginal but would visually appear to be a more covert device thereby supporting 
the needs raised in the legislative rules and boundaries phase. 
The form was not further modified such as improving the user’s attachment to the 
product as proposed by Mugge et al. (2009). At this point, no study had evaluated how sporting 
performance could be improved by doing so and the timescales of the project did not allow for 
such an investigation to be able to take place at this point. 
 
Discussion of the models application 
This paper builds on previous knowledge as it is the first such study to create a model for the 
development of an athlete’s prostheses technology. The model is unique as it draws on diverse 
and multidisciplinary themes that are far broader in scope than the few studies that have been 
published to date have considered. However, this uniqueness of the model may create some 
potential barriers as to its adoption as its broad and multidisciplinary nature may mean that the 
traditional prosthetic limb developers may not possess (or have access to) all of the skills 
required to fulfil it. A potential solution may mean that such projects may require the utilisation 
of design teams possessing multiple members to then accommodate these skillsets. 
 
Reflection on the HDM 
Whilst the HDM uniquely separated both form and functional design requirements, it was felt 
after the case study that the potential of the prostheses form development was potentially 
unfulfilled or underdeveloped. In the case study, the form was dominated by the aerodynamic 
considerations of the function  phase. This was  to be expected when the HDM utilised a ‘form 
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follows function’ ethos. However, this meant that there was less emphasis in incorporating 
alternative approaches and benefits such as product attachment  or user customisation (Mugge et 
al. 2009) or a controlled adoption of the placebo effect (Bérdi et al. 2011). By doing so could 
potentially broaden, deepen and potentially strengthen prosthetic limb design and its subsequent 
performance. For example, the inclusion of the athletes favourite colour on their prosthetic limb 
design has drawn positive feedback from an athlete (Yamanaka et al. 2011) and the use of 
painted striping improved the paddling biomechanics of a rower by manipulating the athletes 
visual perceptions (Millar and Oldham  2016). This suggests that form aspects can interact 
directly with functional outcomes so whilst both are focused on separately, they should not be 
completely ring-fenced from each other. Either way, these examples may not be typical 
considerations when undertaking traditional sports engineering yet offer end-user value. 
Whilst the HDM model provides some guidance for the design process, its actual 
suggested actions for each phase remain suggestive, indicative but not exhaustive. This means 
that there are design activities that may still be missed by some practitioners due to them not 
being aware that they exist. However, this same issue is more severe in other design process 
models such as the VDI 2242 or the EMPHASIS models discussed previously. Ultimately, more 
applications of the HDM will attempt to address any shortcomings in its perceived content 
through further case study’s and subsequent knowledge transfer. It would be helpful if future 
revisions of the proposed model should include an increasing list of indicative design methods to 
assist practitioners once more case studies have been conducted. This would also highlight more 
clearly the need to commit more members or resources to the design team if it did not feel such 
activities could be accommodated using its existing skillset and membership. 
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Model validity and reproducibility 
The reproducibility of the HDM process may prove challenging due to the bespoke and unique 
nature of prosthetic limb design used for sport (Bragaru et al. 2012). Further case studies are 
required to fully validate the model to a sufficient level but the relatively limited numbers of 
athletes with limb absence may mean this could some time to establish. In the short term, it may 
well be more prudent to focus on the measurable and scale impact of each projects outcomes.  
 The validity of this model cannot be stated quantitatively. However, it is felt that the 
proposed model does possess validity as the double-diamond model (that acted as its foundation) 
was derived from both informed professionals and peer-reviewed design philosophy as well as 
ultimately being applied to a case study (Clune and Lockrey 2014). The sports-based specificity 
aspects of the HDM could be considered valid by judging each phase on its own merits. In the 
case of the specification  and  identification of sports events assistive/resistive factors phases, the 
needs to specify a product before it is created would seem to be self-evident and is a cornerstone 
of establishing the product need for most proposed models of the creative design process 
(Howard et al. 2008). Likewise, the form and functional considerations are also fundamental 
design taxonomies in product design (Veryzer 1995). However, it was conceded within the case 
study of this paper that the application of form design considerations (when applied to 
competitive sport) requires further development and investigation. 
Validity of the performance analysis of an event has been extensively supported (Hughes 
and Bartlett 2002) and has been applied to sport with limb absence with measurable impacts on 
how its technology should be viewed (Hassani et al. 2015; Dyer 2017).  
Finally, the legislative rules and boundaries considerations were included as a means to 
support the specification phase but also to identify and to exploit any potential competitive 
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advantage through the circumnavigation or the exploitation of  the rules of a high performance 
sport. This practise is not unusual and is indicative in other high-performance sports such as 
Formula 1 motor racing (Amis et al. 1997). 
Ultimately this project should be judged by its outcomes. In the case study provided here, 
the new design provided significant time savings to the athlete in their cycling time trial track 
events that could potentially elevate them into a medal winning position (Dyer & Disley 2017). 
The proposed HDM models use was integral to this end and the experience in this paper suggests 
that it is transferable in its scope and definition to be used with other forms of competitive sports 
technology and not just the design of prosthetic limbs. The HDM model is recommended to be 
applied to other case studies and have its validation strengthened based upon those experiences. 
 
Conclusion 
The proposed hanging diamond model provides a framework to design and develop a 
competitively oriented prosthetic limb for athletes who possess some level of limb absence. The 
advantages of this framework are that it provides guidelines and considerations in a field of study 
that has seen very little attention historically but will have increasing importance as sporting 
performance improvements continue to be sought out. Whilst currently limited in number, some 
studies have revealed that the potential grounds exist for assistive technology to provide a 
mechanical ergogenic effect. The proposed hanging diamond model is designed to support this 
ambition. Confidence of the proposed models design can be provided in that its philosophy 
adopts contemporary product design methodology that was obtained from both peer reviewed 
research and the utilisation of industrially based-practitioners. The proposed model was applied 
to a case study and the outcomes of which obtained measurable performance enhancement. The 
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model is recommended to be applied to other case studies and have its validation strengthened 
based upon those experiences. 
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